A miniaturized transverse flow gating interface (μ-TFGI) is presented for the on-line coupling of solid-phase extraction with capillary electrophoresis (SPE-CE). The fabrication and operation procedures of the μ-TFGI are described in detail. After the operation conditions were investigated and selected, the μ-TFGI was evaluated on an SPE-CE-UV setup using clenbuterol (CLB) as the test analyte. The preconcentration factors obtained with the SPE-CE-UV system and the SPE-UV part were 600 and 620, respectively. The plate numbers obtained within 3 min were 100000 and 80000 for automatic injection via the μ-TFGI and manual direct injection, respectively. The precisions were 2.4 -6.8% (RSD, %, n = 9) and 3.1% (RSD, %, n = 27) for the recovery (94.3 -101.9%) and migration time of CLB spiked in urine samples, respectively. These results demonstrate that the μ-TFGI has the ability to exactly and reproducibly transfer nanoliters of fractions from SPE onto CE with no degradation of the efficiencies of SPE and CE.
Introduction
Capillary electrophoresis (CE) has gained increasing importance because of its excellent separation efficiency, short analysis time, minimal needs of samples, and high versatility of separation modes. Most commonly, UV detection is applied in CE because of its simplicity and wide applicability. The UV detection method, however, suffers from low concentration sensitivity due to the intrinsically small injection volumes (1 -10 nL) and the short optical path-length as a result of the small inner diameter (25 -75 μm) of the capillary. 1 An effective way to enhance the sensitivity is preconcentration of samples by solid-phase extraction (SPE) prior to separations. In order to combine SPE with CE (SPE-CE), off-line, at-line, in-line and on-line methods have been used. Among these modes, the on-line approach is preferred as it offers shorter total analysis times, minimum of sample handling, limited risk of sample losses, and possibility of automation. Additionally, as the SPE column is physically separated from the CE capillary in the on-line system, this allows for independent operation and optimization of the SPE and the CE. [2] [3] [4] [5] [6] On-line coupling of SPE with CE requires a specially designed interface. In addition to implementation of electric connection for CE, the interface should have the ability to exactly transfer nanoliters of fractions from SPE onto CE with minimized degradation of the efficiencies of SPE and CE. For such a purpose, a variety of interfaces have been designed, including such types as valve-loop, 7, 8 T-split, 9 ,10 valve-loop-vial or T-piece, [11] [12] [13] [14] two-leveled two cross, 15, 16 flow-gating, 11, [17] [18] [19] [20] [21] and interfaces with integrated SPE. 22, 23 With the first three types of interfaces, success of the coupling has been achieved to some extent, but some limitations have been recognized. Because of the large void volume resulting from the loop and the eluate flow path between the two capillaries, serious dilution and dispersion of the elution plug have occurred, thus leading to a loss of SPE efficiency, especially when a small elution volume is used. 8, 9, 11 Degradation of CE efficiency has also been found due to the use of in-line valve injection 8, 11 or the backpressure caused in the tee. 9 Additionally, it seems to be critical and a little difficult to exactly time each step of the SPE-CE operation. [7] [8] [9] [10] The two-leveled two cross interface eliminates the need of valves and, thus the shortages associated with the valves. However, the position of the SPE outlet relative to the CE capillary is critical to the performance of the SPE-CE system, and contamination of the CE capillary from the SPE effluent has been observed. 15, 16 For the interface with integrated SPE, as the SPE column is part of the CE system, some deleterious influences of the SPE sorbent may occur on the CE system during analysis. 22 Most of the aforementioned interfaces require relatively complicated switching procedures that may result in poor reproducibilities. 7, 8, 10 The flow-gating type is a cross-like interface, having the SPE column and CE capillary positioned on opposite sides of the cross with a proper gap. A transverse flow of background electrolyte (BGE) through the gap is used to control the SPE eluate collection and injection. As the SPE eluate is directly collected in the gap, the valves and loops used commonly in other previous interfaces are not needed in this interface. Therefore, a quite small void volume can be achieved, resulting in reduced dilution and dispersion of the collected SPE eluate. 11, 18 In spite of this, some extent of dilution and dispersion has still been reported. the void volume of the μ-TFGI was reduced to 11 nL, and thus the problems resulting from the void volume have been circumvented. By selecting suitable operating conditions, such as the BGE flow rate, the adverse effects of some previous interfaces on CE have been overcome. By automatically controlling the injection progress, the operation of the μ-TFGI has been simplified and the injection reproducibility has been modified. The above merits of the μ-TFGI were demonstrated on an SPE-CE-UV setup using clenbuterol (CLB) as the test analyte.
Experimental

Reagents and materials
Methacrylic acid (MAA), toluene, dodecanol, methanol, acetonitrile (ACN) and azobisisobutyronitrile (AIBN) were obtained from Shanghai Chemicals (Shanghai, China). Ethylene dimethacrylate (EDMA) was obtained from Acros (Sweden) while γ-methacryloxypropyltrimethoxysilane (γ-MAPS) was obtained from Kaibo (Wuhan, China). All of the above reagents were of analytical reagent grade.
Clenbuterol (CLB) hydrochloride was procured from Putian Biotechnologies (Beijing, China). All solutions were prepared with water from a GW-UN Milli-Q system from Persee General (Beijing, China), filtered through 0.45 μm filters, and sonicated for 15 min prior to use. Fused silica capillaries were polyimide-coated, of 370 μm o.d., and from Yongnian (Handan, China). PTFE tubing was from Elite Instruments (Dalian, China). Acrylic boards were transparent, 5 mm thick, and obtained from Longyu (Weishan, China). Figure 1 shows the schematic of the entire instrumental setup for evaluation of the μ-TFGI. SPE was performed on a 2-cm long 150 μm i.d. capillary column of MAA-co-EDMA. Samples and the rinse buffer were filled in two micro-syringes separately, and forced through the SPE column by pressurized nitrogen gas. Eluent was driven through the SPE column by a Lab Alliance LC pump (Model 500) equipped with a homemade T-splitter. Liquid flow path switching was achieved by connecting either of the liquid flow paths to the SPE column through a section of 1/16 inch o.d. and 250 μm i.d. PTFE tubing. CE capillary was 50 μm i.d., 30 cm long with 14 cm to the detection window. Two Binda high-voltage power supplies (Model 2003, Beijing, China) were used in a parallel manner in the negative voltage mode. One was set at a low voltage for injection, and the other at a high voltage for separation. Detection was performed oncapillary by using a UV absorbance detector (Model 500, Lab Alliance). The original flow cell part of the detector was replaced with a homemade counterpart for the on-capillary detection. A Longer syringe pump (LSP01-1A, Baoding, China) was used to drive a BGE flow through the μ-TFGI to control the injection for CE. A Phoenix microscope (XSP-02, Jiangxi, China), coupled with an Aoni digital video camera (184DF, Shenzhen, China) using a homemade coupler, was focused on the central portion of the μ-TFGI for direct observation and routine manipulation of the SPE and CE capillaries. The camera output was sent to a Lenovo computer (Beijing, China) for recording and viewing. The computer was also equipped with a relay switch board from Longgang (Ralay-3, Shenzhen, China), and with the software written in-house using Microsoft Visual Basic 6.0 for sequence control of the BGE delivery pump and the two power supplies. A 24 bit analog-to-digital (A/D) convertor and a software package from Zhejiang University (N3000, Hangzhou, China) were used for data acquisition. Data were acquired at a rate of 10 Hz and processed using Microsoft Excel 11.
Apparatus
Construction of the μ-TFGI
As illustrated in positioned exactly in the central portion of the channel. Two sections of 250 μm i.d. and 1/16 inch o.d. PTFE tubing were inserted into the horizontal branch from the two opposite sides separately. The inner diameter of the PTFE tubes in the horizontal branch was enlarged and two holes were manually bored through the wall of the PTFE tube in the vertical branch using a 370-μm stainless-steel drill. After the ends of the SPE column and the CE capillary were flattened and slightly tapered by manually rubbing against a piece of 320-grit sandpaper with the aid of homemade gadgets, they were positioned at the crossportion of the channel with a 100-μm distance between the two capillaries by pushing the SPE column and the CE capillary into the horizontal branch from the left and right sides, respectively. Fine adjustment of the distance and the gap position was achieved with the aid of the microscope-camera-computer system (Fig. 1) . Two sections of 500 μm i.d. and 1/16 inch o.d. PTFE tubing were adapted snugly into the vertical branch for delivering BGE and draining.
Operation of the μ-TFGI
The μ-TFGI and the CE capillary were filled with BGE by a flow (named the BGE flow hereafter) driven by the delivery pump ( Fig. 1 ) without any air bubble inside. The BGE flowed through the μ-TFGI in the direction orthogonal to the sample flow, and swept the gap from bottom to top. In addition to accomplishment of the grounding for CE via the waste vial, the BGE flow was used to control the injection process, which consisted of three sequential steps of the accumulation and injection, washout and separation (Fig. 3) . Normally, the BGE flow was on carrying SPE effluent to waste, preventing the effluent from electromigrating into the CE capillary while the separation voltage was being applied. When an injection was made, the above three steps were carried out according to a preset timing sequence as shown in Fig. 3 . In the first step, the separation voltage supply and the BGE pump were switched off and, simultaneously, the injection voltage supply was on, allowing sample to be accumulated in the gap and to be injected onto the CE capillary. After a desired amount of time, the first step was terminated by switching off the injection voltage supply and, at the same time, resuming the BGE flow. After the gap was swept clear, the separation voltage was reapplied until the next injection was to be made. The above three steps were automatically controlled by the computer (Fig. 1) .
Preparations of SPE column and urine samples
The poly(MAA-co-EDMA) column was prepared as reported by Fan et al. 24 The blank urine sample was collected and preprocessed as reported by Zheng et al. 25 The preprocessed blank urine sample was directly spiked with CLB and diluted two times with 20 mM phosphate buffer (pH = 7.0) to get the final CLB concentrations of 50, 150 and 250 μg/L.
Results and Discussion
Operation parameters of the μ-TFGI
Adjustable parameters include the BGE flow rate, accumulation and injection time and washout time. In order to facilitate the experiments on the parameters, the SPE part shown in Fig. 1 was simplified by replacing the SPE column with a section of 50 μm i.d. capillary, and by using a syringe pump to deliver a sample through the capillary to the μ-TFGI to imitate the eluting flow from SPE.
In principle, a higher BGE flow rate is more effective in preventing the SPE effluent from electromigrating into the CE capillary during separations, and more efficient in shortening the washout time. However, a too fast BGE flow rate suffers from the bottleneck effect, which induces additional pressure on the BGE inside the μ-TFGI. This pressure prevents the BGE flow from stopping immediately after its delivery pump is turned off, resulting in a longer required accumulation time and accentuated dilution and dispersion of the elution plug during the injection period. Also, this pressure may cause a laminar flow in the CE capillary and thus may shorten migration times and degrade column efficiencies during separation. Figure 4 shows the electropherograms obtained at different BGE flow rates. Relatively constant peak heights were obtained at the BGE flow rates lower than 120 μL/min. When the BGE flow rate was above 120 μL/min, the peak height gradually decreased, indicating that different magnitudes of the bottleneck effect had occurred. As a result, the allowed maximal BGE flow rate was set at 120 μL/min. On the other hand, a too low BGE flow rate cannot effectively prevent SPE effluent from electromigrating into the CE capillary during separation. For a sample flow rate of 3 μL/min, the required minimal BGE flow rate was explored by continuously monitoring the detector's signal during sample introduction with a separation voltage on, and the result is shown in Fig. 5 . It can be found that continuous electrokinetic injection occurred after the sample delivery pump was on for a few minutes when the BGE flow rate was lower than 5 μL/min. As a result, the required minimal BGE flow rate was determined to be 5 μL/min. Therefore, with the μ-TFGI, the BGE flow rate can be selected in the range of 5 -120 μL/min for the sample flow rate of 3 μL/min. In contrast, with the Jorgenson's TFGI, a high BGE flow rate of 0.5 mL/min was required for a sample flow rate of 60 nL/min. 18 This demonstrates that the μ-TFGI is more efficient and effective in preventing the SPE effluent from being electroinjected onto the CE during separation than the original TFGI.
The suitability of the μ-TFGI to different sample flow rates was examined over a range of 1 -50 μL/min at the allowed maximal BGE flow rate of 120 μL/min by continuously monitoring the detector's signal during sample introductions at different flow rates with a separation voltage on. It was found that continuous electrokinetic injection was observed when the sample flow rate was above 45 μL/min. As a result, we deemed the acceptable sample flow rate should be lower than 45 μL/min. As the effluent flow rates are typically in the range of 3.3 -40 μL/min in the SPE using the capillary columns, 15, 24, 26, 27 the acceptable flow rate of 45 μL/min is sufficient for the coupling between the microcolumn SPE and CE in practice.
The suitable time length of accumulation and injection was established by investigating the influences of the accumulation and injection time on peak height and symmetry at a sample flow rate of 3 μL/min. At 1 s, a better peak symmetry together with a lower peak height was obtained owing to insufficient accumulation. Between 3 and 4 s, the peak height and symmetry kept nearly constant, indicating that the accumulated eluate had completely filled the gap between the two capillaries taking the place of the BGE. At 5 s, the peak symmetry slightly worsened, possibly owing to the longitudinal diffusion of the injected plug. For the sample flow rate of 3 μL/min, we decided the time of 3 s should be used.
The appropriate washout time was selected based on peak width and peak symmetry at a sample flow rate of 3 μL/min and the accumulation time of 3 s. When the washout time was in the range of 1 -3 s, similar peak widths and symmetries were obtained, implying that the washout time of 1 s is sufficient. This is reasonable considering that the volume (167 nL) of the BGE entering the μ-TFGI in 1 s is larger than the volume (150 nL) of the accumulated eluate in 3 s in the μ-TFGI, and 15 times larger than the volume (11 nL) of the gap between the two capillaries. At the washout times above 4 s, symmetry of the peaks slightly worsened, possibly owing to the longitudinal dispersion of the injected plugs.
Delay time of the injection
The time between the start of the desorption and the actual injection into the CE capillary, hereafter referred to as the delay time, is obviously an important parameter. The delay time is regarded as optimal when maximum analyte peak areas are obtained in CE analysis. To find the optimum delay time, 100 μL of a standard solution of CLB was trapped on the microcolumn, desorbed, and injected at different preset delay times. The plot of delay time versus relative peak area, shown in Fig. 6 , revealed that a delay time of 40 s is the optimum. The plugs injected into the CE at the optimum delay time have higher concentrations than the mean concentration of the elution plug, obviously favoring sensitivity. Additionally, the relative peak areas obtained at the delay times in the range from 36 -44 s are similar (RSD = 4.56%, n = 9), implying that a slight fluctuation in eluent flow rate would not remarkably affect the reproducibility of experimental results.
Evaluation of the μ-TFGI
The μ-TFGI was evaluated on an SPE-CE-UV setup in terms of preconcentration factor, column efficiency and reproducibility using CLB as the test analyte.
The preconcentration factor was defined as the ratio of the slope of the preconcentration calibration curve to that of the no-preconcentration calibration curve as reported by Gu et al. 28 The no-preconcentration calibration curve (y = 0.837x + 0.734, R 2 = 0.9992) was obtained by direct detection of a series of standard solutions (5 -25 mg/L) using the UV detector. The preconcentration calibration curve obtained using the SPE-CE-UV setup was y = 503.6x + 22.31 (R 2 = 0.9951) for CLB in the range of 50 -250 μg/L. The preconcentration factor was calculated to be 600 for the SPE-CE-UV setup. For comparison, the preconcentration factor was also determined for the SPE-UV system by direct UV detection after elution, and the calculated result was 620 based on the equation of y = 519.3x + 22.99 (R 2 = 0.9977). The preconcentration factors obtained using the SPE-CE-UV and the SPE-UV are comparable to each other, demonstrating that no dilution of the elution plug had occurred in the μ-TFGI during the transfer from SPE onto CE. This result is reasonable since the volume (150 nL) of the accumulated eluate in the accumulation time of 3 s is approximately 14 times larger than the volume (11 nL) of the gap between the two capillaries.
The effect of the μ-TFGI on CE separations was investigated as well. Figure 7 shows the overlay of the two electropherograms obtained with the SPE-CE-UV setup by automatic injection (the dashed line) and with only the CE-UV part by manual direct injection (the solid line). The values of column efficiencies and peak symmetry, presented separately as plate counts (N) and As, are also given in the figure. The plate counts were calculated using the formula of N = 5.54 (tR/W1/2) 2 , where tR is the migration time, and W1/2 is the peak width at half height. The peak symmetry values, as reported by Li et al., 29 were calculated with the equation As = b/a, where a is the distance from the peak tail to the center and b is the distance from the peak front to the center at 10% of the peak height. The two well-fitted electropherograms, together with the comparable data on efficiency and symmetry, demonstrate that the μ-TFGI has almost no adverse effect on CE separation. In comparison with the automatic injection through the μ-TFGI, the slightly worsened efficiency and symmetry for the manual direct injection may have been caused by a more serious longitudinal dispersion of the injected plug.
In order to evaluate the accuracy and the reproducibility of the μ-TFGI, the recoveries of CLB were determined for urine samples spiked with CLB at three different concentrations (50, 150 and 250 μg/L) by repeat loading of the spiked samples on the SPE-CE-UV system on the same day. Typical electropherograms for a spiked sample (a) and that for the blank sample (b) are given in Fig. 8 . The recoveries of CLB were in the range of 94.3 -101.9%, the precisions of the recovery were in the range of 2.4 -6.8% (RSD, %, n = 9), and the precision of migration time was 3.1% (RSD, %, n = 27), demonstrating that the μ-TFGI can exactly and reproducibly transfer nanolitres of fractions from SPE onto CE.
Conclusions
A miniaturized transverse flow gating interface has been developed for the on-line coupling of SPE with CE. The miniaturization allows the void volume of the μ-TFGI to be reduced to 11 nL. The minimized void volume, together with a computer-controlled electrokinetic injection process, gives the interface several outstanding features, including simplicity of construction, ease of operation, good reproducibility, and most importantly, almost no adverse effect on SPE and CE efficiencies. These merits suggest a great potential to routinely use the interface for the coupling of SPE, μ-LC or flow injection analysis (FIA) with CE for real sample analysis. 
